At early neural tube stages, cells from the most dorsal aspects of the tube migrate into the surrounding tissue where they give rise to many different cell types, including sensory and autonomic neurons, satellite cells, Schwann cells, and melanocytes (Weston, 1981; Le Douarin, 1982) . The emerging view is that at early neural tube stages individual neuroepithelial cells are pluripotent and can give rise to all types of neural crest (NC) derivatives as well as neurons and glia that remain in the spinal cord (Scherson et al., 1993; Selleck et al., 1993; Artinger et al., 1995) . Once crest cells have migrated away from the tube, there is a progressive restriction in their developmental potential (Anderson, 1989; Weston, 1991) .
A progressive restriction of cell fates for neuroepithelial cells remaining within the neural tube is less clear. Neuroepithelial cells at stages before neural tube closure are able to generate both dorsal and ventral phenotypes within the spinal cord as well as NC derivatives. Placement of a notochord adjacent to the dorsal region of a newly closed neural tube induces dorsal neuroepithelial cells to express ventral cord markers (Artinger et al., 1995) . If the dorsal portion of the neural tube is removed before NC emigration, the remaining ventral portion is able to generate normal NC derivatives (Scherson et al., 1993) . But if the deletion is made shortly after emigration, NC derivatives are not generated (Scherson et al., 1993; Sechrist et al., 1995) . When do neuroepithelial cells within the cord become truly restricted in their potential to generate progeny with crest phenotypes?
The recent demonstration of a second major emigration of neuroepithelial cells away from the neural tube into sensory ganglia shows that at least some cells within the tube retain their ability to develop as crest cells until well after normal crest migration (Sharma et al., 1995) . Only the cells within the dorsal half of the spinal cord contribute to this late-migrating population, and they contribute only to a subset of possible crest phenotypes. These results, together with those of Bronner-Fraser and coworkers (Scherson et al., 1993; Sechrist et al., 1995) , might reflect both a loss in potential of cells in the ventral cord to develop as crest cells and a restriction in the possible crest-like fates of the dorsal cells.
To test these possibilities, we have transplanted cells from dorsal or ventral spinal cord into the crest migratory pathway of younger embryos and then followed their development over time to analyze their phenotypes. Cells from the dorsal spinal cord even 1-2 d after the end of normal crest emigration continue to divide after transplantation, migrate along the crest migratory pathways, and give rise to a variety of crest derivatives including peripheral neurons. In contrast, cells from the ventral cord at the same stage are restricted in their developmental potential. Although they also continue to divide after transplantation, ventral cells migrate less extensively and do not produce peripheral neurons.
MATERIALS AND METHODS
Transplantation experiments. White Leghorn chick embryos (SPAFAS) were used as hosts and quail embryos as donors in all experiments. Host and donor embryos were staged according to Hamburger and Hamilton (1951) . St 17-28 quail spinal cords were separated into dorsal and ventral halves with tungsten needles. Donor cells were dissociated by incubation for 10 min in calcium/magnesium-free (CMF)-trypsin solution (0.1 mg/ ml) at 22ЊC followed by trituration with a fire-polished Pasteur pipette. After centrifugation, the cell pellet was resuspended in MEM with 0.01% Fast Green for visualization during transplantation. Approximately 200 -500 cells were drawn into a polished glass electrode (tip diameter 10 -30 m) in 0.5 l of solution. Chick embryo hosts (st 16 -20) were exposed for transplantation by opening the vitelline membrane. The tip of the electrode was then positioned just beneath the host ectoderm and just lateral to the neural tube in the cranial half of a somite, and the cells were injected with pressure pulses under visual control. All transplantations were made at the level of the wing bud. Eggs were then sealed with cellophane tape and returned to the incubator.
Immunohistochemistry. Host embryos were killed 1-10 d after transplantation (st 20 -40) . Embryos up to st 25 were processed as described by Oakley and Tosney (1991) . Older embryos were perfused transcardially with 4% paraformaldehyde in PBS. The brachial region was sepa-rated and post-fixed for 4 -10 hr in the same fixative. Alternate serial 20 m cryostat sections were collected on separate slides. One set of sections was used to locate and count donor cells by staining with a quail-specific antibody, QC ͞ PN (Developmental Hybridoma Bank) using the staining protocol described in Sharma et al. (1994) . The second set was stained with anti-tubulin antibody, TuJ1 (a gift from Dr. Anthony Frankfurter, University of Virginia), to identify small peripheral nerves in muscles (see Fig. 3C ) or with a quail-specific neuron-specific antibody, QN (a gift from Dr. Hideaki Tanaka, Kumamoto University) to identify neuronal donor cells (see Fig. 3 A, B,D-F ) . Staining protocols have been described previously (Moody et al., 1989; Tanaka et al., 1990; Sharma et al., 1995) .
Identification of donor cell phenotypes. The phenotypes of donor cells were classified in st 34 -40 host embryos, 7-10 d after transplantation. Donor melanocytes were easily recognized by their characteristic quail pigmentation in the white chicken hosts (see Fig. 4 ). Quail cells with elongated, QC ͞ PN-positive nuclei and located in peripheral nerves and spinal roots were classified as Schwann cells (see Figs. 2 E, 3C), because they appeared identical to Schwann cells in normal quail embryos (Fig.  2 F) . The possibility exists, however, that these cells were oligodendrocytes rather than Schwann cells. The antibody QN was a useful marker for quail peripheral neurons at these stages (Tanaka et al., 1990; Sharma et al., 1995) Labeling of dividing cells. Bromodeoxyuridine (BrdU) was used to label dividing cells. A 100 l aliquot of 50 mg/ml BrdU in PBS was applied to the host chorioallantoic membrane 4 -8 hr before killing. In control experiments, we found this protocol sufficient to maximize the number of labeled cells and, therefore, likely to label all dividing cells. Donor quail cells were identified by double labeling with QC ͞ PN. Sections were treated in 2N HCl for 40 min, incubated in blocking buffer for 30 min, and then incubated in QC ͞ PN hybridoma supernatant for 1 hr. A Cy3-labeled goat anti-mouse IgG secondary antibody was applied for 1 hr, after which the sections were fixed for 30 min in 4% paraformaldehyde, rinsed, and incubated in blocking buffer for 30 min. Sections were then incubated in monoclonal anti-BrdU antibody (Sigma, St. Louis, MO) for 1 hr followed by FITC-labeled goat anti-mouse IgG secondary antibody. The fraction of donor cells that continued to divide after transplantation was calculated in chimeric embryos exposed to BrdU as the fraction of QC ͞ PNpositive cells that were also BrdU-positive (refer to example in Fig. 7A ).
Analysis. A complete camera lucida reconstruction of the location and number of donor cells was made for each case using the alternate sections stained with QC ͞ PN. A representative section from the center of the transplant region was used as a schematic, and individual donor cells were indicated as dots on this schematic drawing. Examples of these reconstructions are shown in Figures 2, 5 , and 6. The total number of donor cells (see Table 2 ) was calculated as 2 times the number of QC ͞ PNpositive cells counted in the alternate sections. The cell counts do not include quail melanocytes, which were scored separately and only semiquantitatively because of their large numbers.
An estimate of the extent of donor cell migration was made by calculating the average number of crest target tissues these cells occupied in each chimeric embryo for each type of transplant (st 26 -28 dorsal cells, st 26 -28 ventral cells, and st 17-20 ventral cells). The seven crest target tissues are listed in the columns of Table 1 and include DRG, sympathetic ganglia, dorsal and ventral roots, peripheral nerves, muscle, and skin.
RESULTS
The ability of neuroepithelial (NE) cells within the spinal cord to develop as neural crest cells was determined by back-transplanting quail cells into the crest migratory pathway in chicken host embryos. The transplantation of donor cells to host embryos is shown schematically in Figure 1 A. To minimize possible influences of the transplanted cells on the host environment, we injected relatively small numbers (200 -500) of dissociated cells. The normal period of neural crest migration is between st 13 and 22, so donor cells were injected into st 16 -20 host chicken embryos. Shortly after injection (0.25-6 hr, n ϭ 5), transplanted cells were found clustered near the dorsolateral quadrant of the neural tube, below the ectoderm and medial to the dermomyotome (Fig. 1 B) . In this position, they were in the host migratory pathway and among migrating host neural crest cells.
Dorsal cells migrate and differentiate as normal crest cells
The first issue was to determine whether the limited phenotypes of normal late-migrating spinal cells in DRG (Sharma et al., 1995) result from an intrinsic limitation in the developmental potential of these cells. Late-migrating cells originate from the dorsal spinal cord at the level of the dorsal root entry zone and migrate out of the cord into DRG between st 26 and 29. We therefore used dorsal spinal cells from st 26 -28 quail embryos but placed them Unlike late-migrating cells, transplanted dorsal cells migrated well beyond the bounds of the DRG and differentiated into a variety of crest-type phenotypes. A serial reconstruction of an embryo in which st 28 dorsal cells were transplanted into a st 17 host and allowed to develop until st 37 is illustrated in Figure 2 A.
At this stage, donor cells had probably achieved their adult pattern of distribution. Although donor dorsal cells remained largely confined to one spinal segment, as do normal crest cells, they migrated ventrally, dorsally, and laterally into the dermis (see Fig. 4 A), dorsal root (Fig. 2 B) , DRG (Fig. 2C ), sympathetic ganglia (Fig. 2 D) , and peripheral nerves (Fig. 2 E) .
In st 34 -40 embryos (n ϭ 16), we could identify some phenotypes simply by comparing the QC ͞ PN (quail-specific Ab) staining of donor cells in host embryos with QC ͞ PN staining of normal quail embryos (compare the staining of Schwann cells in Fig. 2 E  and 2 F) . To confirm that large QC ͞ PN-positive cells within DRG were peripheral neurons, we compared QC ͞ PN staining with staining for QN (a second quail-specific antibody) in alternate sections. As described in Materials and Methods, QN stains the somata of many DRG and sympathetic neurons but does not stain cell bodies (of neurons or glia) within the spinal cord. It therefore provides a useful marker for peripheral, and thus crest-derived, quail neurons. QN staining indicated that many dorsal spinal cord cells within DRG and sympathetic ganglia had differentiated into peripheral neurons (Fig. 3 A, B) . Of 933 quail cells within DRG (checked in 4 embryos), 190 (20%) were QN-positive. DRG also contained quail Schwann cells (identified by their elongated nuclei) and satellite cells (small nuclei adjacent to neurons). Schwann cells were present within peripheral nerves (Fig. 2 E) and dorsal and ventral roots (Fig. 2 B) . Melanocytes within the skin were also common (Fig. 4 A, B) . In some cases, the characteristic quail pigmentation was macroscopically visible in the host embryos above the site of transplantation (Fig. 4 A) . Many donor cells were also present in muscle. Based on their elongated shape and location within nerve branches (identified by staining for ␤-tubulin), many of these were Schwann cells (Fig. 3C ). There were also donor cells that could not be classified both within muscles and in connective tissue around the DRG and between muscle masses.
The overall distribution of transplanted dorsal cells in different structures of host embryos is shown in the top of Table 1 . The major conclusion is that there was widespread distribution of these cells to various neural crest target tissues. In 6 of 16 cases, dorsal cells were present in five or more crest tissues, and in only 2 of 16 cases were they present in fewer than two target tissues. Individual cases with larger numbers of cells were more likely to have cells distributed in all crest target tissues (data not shown), as would be expected by chance. On average, dorsal donor cells were found in four different crest target tissues in each chimeric embryo.
Migration of ventral spinal cells depends on the stage of the donor
Transplanted dorsal spinal cells from st 26 -28 donors migrate in synchrony with host neural crest cells and adopt phenotypes characteristic of normal crest cells. These cells include the subpopulation of late-migrating cells that normally contribute to the DRG. Could ventral cells, which normally do not contribute to crest derivatives, also migrate and adopt crest phenotypes when transplanted into the crest pathway? We tested this possibility by transplanting ventral cord cells into st 16 -20 host embryos, using the same protocol as for dorsal cells. In contrast to the results with dorsal cells, however, ventral cells at a similar stage in development (st 26 -28) migrated much less extensively than normal crest cells. This difference in migration was apparent even at short times after transplantation, as illustrated in Figure 5 , A and B. Three days after transplantation into st 16 -20 host embryos, dorsal cells had already migrated into DRG and peripheral nerve ( Fig. 5A ; n ϭ 9), but st 26 -28 ventral cells (hereafter called older ventral cells) remained clustered near the injection site ( Fig. 5B; n ϭ 7) .
Older ventral cells remained more restricted than dorsal cells even by st 34 -40, 7-10 d after transplantation (n ϭ 18). Two examples of host embryos at these later stages with older ventral donor cells are shown in Figure 6 , A and B, and the distribution of these cells is summarized in the middle of Table 1 . Although older ventral cells could be found in any of the crest target tissues we examined, they typically occupied fewer of these targets in any one embryo. In 5 of 18 cases, older ventral cells were present in fewer than two crest derivatives, and in only 2 of 18 cases were they present in five or more target tissues. On average, old ventral cells were found in two to three target tissues, compared with four for dorsal cells. Moreover, the progeny of older ventral cells were less likely to be found in DRG (only 28% of embryos with older ventral cells vs 81% with dorsal cells).
The phenotypes of older ventral cells were most commonly those characteristic of crest cells in the tissues they occupied. For example, 83% of embryos with ventral cells had donor melanocytes in the skin overlying the injection site, compared to 50% of the embryos with dorsal cells (Fig. 8 A, C, Table 1 ). When quail cells were present in DRG, some QC ͞ PN-positive nuclei had the elongated shape characteristic of Schwann cells. The other quail nuclei in DRG were round and of small to medium diameter. Based on their size and shape, these cells could be either satellite cells or small-to medium-sized neurons. Particularly striking, however, was the paucity of peripheral neurons after ventral spinal transplants. At much earlier developmental stages (st 10 -12), ventral cord cells can be induced to migrate and populate crest derivatives by signals arising from the dorsal ectoderm (Sechrist et al., 1995) . Even at st 17-20, ventral cells are still generating neuronal precursors (Langman and Haden, 1970; Hollyday and Hamburger, 1977 ) (see timeline in Fig. 8 ), so we tested the potential of ventral cells at these stages (hereafter called younger ventral cells) to migrate and generate crest derivatives when transplanted into a st 16 -20 crest pathway. As shown in the reconstructions in Figure 6 , C and D, younger ventral spinal cells migrated like normal crest cells and were found in the same range of crest derivatives as dorsal spinal cells (n ϭ 12; data summarized in bottom of Table  1 ). In 7 of 12 cases, younger ventral cells were present in five or more crest derivatives, and in only 1 of 12 cases were they present in fewer than two target tissues. The distribution of younger ventral cells was similar to that of dorsal cells; on average, they occupied four crest target tissues in each chimeric embryo. Staining with QN showed that 27% of transplanted younger ventral cells within DRG were peripheral neurons (156 of 567 DRG cells in 3 embryos; Fig. 3D-F ) , similar to the result with dorsal donor cells. Ventral cord cells, therefore, retain the ability to develop a wide range of crest phenotypes, including peripheral neurons, at least until st 17-20.
Dorsal and ventral cells divide after transplantation
The reduced developmental plasticity of older ventral cells might be because they failed to divide after transplantation. The ratio of dividing ventral to dorsal cells at the time of transplantation is ϳ0.5 (Corliss and Robertson, 1963; Hamburger, 1948) . We confirmed that fewer ventral cells had recently divided shortly before transplantation by labeling donor embryos at these stages with BrdU 4 hr before spinal cells were isolated and then counting the percentage of BrdU-labeled donor cells 1 d after transplantation. Over one-half of the dorsal cells (58 Ϯ 10%; n ϭ 9) but only one-third of older ventral cells (32 Ϯ 15%; n ϭ 3) were labeled. If some postmitotic cells die after transplantation (for example, neurons deprived of needed trophic support), the actual difference in the number of transplanted mitotically active cells would be even greater.
Despite this difference in the dorsal versus older ventral populations of transplanted cells, a significant fraction of the surviving cells in both populations continued to divide after transplantation. This was demonstrated by injecting BrdU at various times after transplantation and fixing the embryos 4 hr later. Approximately 20% of the donor cells were dividing, whether BrdU was injected 1, 2, or 3 d after transplantation (Fig. 7) . The fraction of dividing cells was nearly the same for older ventral and dorsal donor cells. A straightforward interpretation of these seemingly contradictory results concerning mitotic activity before and after transplantation is that nondividing cells were more likely to die after transplantation. This would tend to equalize the fraction of dividing cells in the two populations.
Older ventral cells also gave rise to smaller total numbers of cells than dorsal cells did. The number of donor cells in individual embryos of both groups varied over a wide range (Table 2) , presumably reflecting variability in the number of cells successfully injected into the crest pathway and/or surviving the transplantation procedure. Nevertheless, although approximately equal numbers of donor cells were injected for each type of transplantation, cell counts of all donor cells (excluding melanocytes) in st 34 -40 embryos were about half as large when using older ventral versus dorsal cells (median 293 vs 518 cells; n ϭ 15 for each group). This difference is consistent with the smaller Fig. 2 A) . In C, younger ventral cells have settled in DRG, sympathetic ganglia, peripheral nerves, and muscle, whereas in D they are located within DRG and the longissimus muscle. The total number of donor cells was 222 in A, 576 in B, 1976 in C, and 1590 in D. Scale bar, 100 m.
number of older ventral cells that were dividing at the time of transplantation, and it supports further the suggestion that a significant fraction of postmitotic transplanted cells may die in the host embryo. Despite these caveats, however, these results show that by st 26 -28, ventral cord cells that continue to divide after transplantation have nevertheless lost the ability to respond to environmental cues required for the acquisition of the full complement of crest phenotypes. In particular, their progeny migrate less extensively and are unlikely to become peripheral neurons.
DISCUSSION
During embryonic development, neural crest cells emigrate from the most dorsal region of the neural tube and produce a wide variety of cell types that populate the peripheral nervous system. In chicken embryos, their emigration is complete by st 22 (Serbedzija et al., 1989; Oakley et al., 1994) . Our results show that NE cells left within the spinal cord after this emigration is complete also retain the ability to differentiate into cells with crest-like phenotypes, including sensory and sympathetic neurons, satellite 
Transplanted older ventral cells
Transplanted younger ventral cells Earlier experiments had shown that NE cells leaving the spinal cord at st 26 -28 gave rise to a limited number of phenotypes, specifically neurons and non-neuronal cells in DRG (Sharma et al., 1995) . The present results show that this limitation in phenotypic diversity does not reflect an intrinsic restriction of developmental potential because when these cells are transplanted into a younger crest migratory pathway they differentiate with a wider variety of crest phenotypes. Instead, the limited phenotypes of the latemigrating cells are probably a consequence of the temporally changing environment of the crest pathway. Our experiments show that the end of the normal period of crest cell emigration away from the neural tube is not caused by a depletion of appropriate progenitor cells within the tube because cells there remain competent to produce crest-like progeny for several more developmental stages. A likely alternative explanation is that further emigration is halted by the development of a barrier around the tube that is not permissive for migration (Newgreen and Erickson, 1986) . Late-migrating NE cells avoid this barrier by leaving the cord via the dorsal roots rather than moving directly away from the spinal cord (Sharma et al., 1995) . Migration through ventral roots at these later stages has also been reported (Lunn et al., 1987) .
One function of this emigration barrier might be to prevent stem cells from entering the periphery at a time when the crest pathway no longer supports appropriate differentiation. In the present experiments, when spinal cord cells were transplanted into host embryos at st 21-24, near the end of normal crest emigration, the cells migrated less extensively and did not populate sympathetic ganglia, as for normal crest cells at these stages (data not shown). The restricted pathway of the late-migrating (st 26 -28) spinal NE cells within dorsal roots leads them to the DRG, which supports the genesis of sensory neurons and satellite cells until st 35 (Carr and Simpson, 1978 ).
The ability of ventral spinal cells to produce crest phenotypes has been demonstrated previously but only at earlier stages of development. When the lateral neural plate, which will form the dorsal neural tube, is removed from the hindbrain region at st 10, remaining cells in the medial plate migrate from the tube and express characteristic crest cell markers (Scherson et al., 1993; Sechrist et al., 1995) . Contact of neural plate cells with overlying ectoderm is sufficient to induce neural crest characteristics (Dickinson et al., 1995) ; members of the TGF␤ family present within the dorsal ectoderm, particularly BMP4 and BMP7, are capable of causing this induction (Liem et al., 1995) . In the present experiments, it is likely, therefore, that proximity of the transplanted spinal cells to the dorsal ectoderm induced the crest phenotypes. These experiments extend earlier results by showing that spinal cells retain the ability to develop crest phenotypes even at relatively late embryonic stages (st 26 -28 vs st 10 -12). They reinforce the idea (Selleck et al., 1993 ) that neural crest progenitors do not represent a specialized subpopulation of cells within the neural tube and that some cells within the tube retain the ability to give rise to crest-type progeny well after normal crest cell emigration.
Not all dividing cells within the cord retain the ability to generate a wide variety of crest phenotypes until late stages, however. Back-transplantation of dissociated cells from the ventral half of st 26 -28 cords resulted in a restricted pattern of migration even though the migratory pathway promoted extensive migration of dorsal spinal cord cells. Transplanted dorsal cells migrated extensively from the injection site to normal crest target areas, whereas older ventral cells were usually located nearer the site of injection. Moreover, older ventral cells were less likely to populate DRG (compare Fig. 8 A with 8C) and gave rise to virtually no peripheral neurons even when they were located there. Ventral cord cells from earlier developmental stages (st 17-20) did migrate extensively, however, and gave rise to a variety of crest phenotypes, including peripheral neurons. In all respects we measured, the st 17-20 ventral spinal cells were indistinguishable from st 26 -28 dorsal spinal cells after transplantation into the crest pathway (Fig. 8 B) . The inability of older ventral spinal cord cells to generate peripheral neurons parallels their changing role in the spinal cord. After st 23, genesis of motoneurons is complete, and virtually all ventral cord neurons have been generated by st 26 (Hollyday and Hamburger, 1977) . The present results show that the end of neurogenesis in the ventral spinal cord is not simply because the environment of the ventral cord no longer supports neurogenesis; instead, there is an intrinsic change in the ability of ventral cord cells to generate neurons.
Many donor cells found in host embryos at st 34 -40 resulted from cell division after transplantation. Injection of BrdU into host embryos after transplantation labeled ϳ20% of the donor cells independent of their source (older ventral vs dorsal cord). Moreover, many of these cells continued to divide repeatedly because the labeling index was the same whether BrdU was injected 1, 2, or 3 d after the transplantation. The smaller number of dividing cells in older ventral versus dorsal cord was probably responsible for the smaller total numbers of donor cells in host embryos. Many motoneurons are normally dying at these stages (st 26 -28), so it is likely that many postmitotic ventral cells, which include motoneurons, are also dying after transplantation. The continued division of a substantial number of older ventral cells after transplantation coupled with the probable loss of many postmitotic cells argues strongly that dividing cells made a substantial contribution to the final population of donor cells in host embryos. Thus, the inability of older ventral donor cells to pro- duce neurons and to migrate extensively is not because they are postmitotic.
Transplanted progenitor cells from other parts of the CNS also give rise to progeny in accord with their host environment (McConnell, 1988; Eisen, 1991; Brüstle et al., 1995) . In the neocortex, the ability of a cell to migrate to the appropriate host layer depends on its position within the cell cycle at the time of transplantation (McConnell and Kaznowski, 1991) . Because many of the late ventral cells that we transplanted continued to divide, one might have expected them to develop crest phenotypes appropriate for their host tissue; yet they did not. Interestingly, cortical progenitors also lose this ability at late stages of development. The progeny of stem cells from the subplate region of postnatal day 1 ferrets transplanted into younger hosts migrate according to the age of the donor, not the host (McConnell, 1995) . Apparently, there is a progressive temporal restriction in the ability of certain CNS progenitor populations to generate phenotypes appropriate for a novel spatiotemporal environment.
